The pulse sequence used was 90,0-(z,-180,0-r2),, zI = z2 = lms, n = 5 12. At the end of each r, the outputs of the two phase-sensitive detectors in quadrature, A and B, were sampled. T2 was calculated by least-squares fit of (A2+B2)+ against time to a single exponential. Oxygenation was measured on a haemoreflector. Typical error bars are indicated.
reported. The T, of 1.8s is independent of oxygenation, within experimental error.
In a flowing system the apparent T2 is also dependent on the flow rate, as sample with transverse magnetization is lost from the coil during the measurement. A correction can be made once the flow rate has been measured. However, as the T2 determination can be achieved in less than Is, momentary interruption of blood flow through the coil seems to have little detrimental effect on the biological systems that we have used.
We have demonstrated the application of the combined measurement by following continuous changes in the flow and oxygenation of arterial blood of laboratory animals (rabbits) after changes in the composition of inhaled gases.
A change in the composition of inhaled gases from 50% oxygen to 10% oxygen halved the T2 of arterial blood (165 ms to 80ms), corresponding to about a 45% decrease in blood oxygen content. Recovery of T,, and hence blood oxygenation, was observed on reverting to the initial gas composition. Arterial flow rates determined by n.m.r. changed from 3.8-4.1 ml/min to 1.5 ml/min on changing the composition of inhaled gases. These flow rates agree with those measured independently by using a calibrated bubble trap. The effects of re-perfusion on the 31P n.m.r. spectrum of ischaemic rat hearts IAN A. BAILEY and ANNE-MARIE SEYMOUR Department of Biochemistry, University of Oxford, South Parks Road, Ogord OX1 3QU, U.K.
Re-perfusion of the ischaemic myocardium can cause widespread damage to cellular ultrastructure and metabolism and to contractile function (Hearse, 1977) . Stable contractile function can be restored on re-perfusion only if the ischaemic insult is of short duration (Sonnenblick & Kirk, 197 1-1972) . During ischaemia, the intracellular pH and tissue concentrations of phosphocreatine, ATP and glycogen fall, whereas P, accumulates: the time courses of these changes can be followed conveniently by making consecutive n.m.r. measurements on a single perfused rat heart (Garlick et al., 1979).
We now report the effect of increasing lengths of ischaemia on the concentrations of intracellular phosphates in re-perfused rat hearts.
Hearts from 280-32Og male Wistar rats were perfused in the Langendofl mode with buffer containing 5 mru-glucose as the only substrate, as described elsewhere (Garlick et al., 1979) .
After a period of 6, 8, 12, 14 or 18min of total global ischaemia, hearts were reflowed with the same buffer.
n.m.r. spectra were obtained continuously by accumulating 120 transients at 1 s intervals at a flip angle of 45O with a 4.2T superconducting magnet and Nicolet 1180 computer. Six control spectra were also taken before the ischaemic period. Throughout the perfusion, left-ventricular pressure was measured after cannulation (Jennings & Ganote, 1976 Time after cessation of flow (min) Fig. 1 . Percentage changes in the phosphate pools of the perfused rat heart on ischaemia and re-perfusion The effects of reflow after 6min ( a ) and 14min (b) total global ischaemia on the concentrations of ATP (A), phosphocreatine (0) and P, (0) i n the perfused rat hearts are shown. These changes are characteristic of hearts recovering and failing to recover from total global ischaemia respectively. The mean values of results for six hearts are shown in each case.
percentage changes based on the average of the first six control measurements as 100%. The mean values for six similarly treated hearts are shown.
Hearts that recover stable mechanical function show a rapid decline in P, and a rapid increase in phosphocreatine on reflow. During reflow these metabolites reach and overshoot their original concentrations, but the magnitude of these overshoots decreases as the duration of the ischaemic period increases. The ATP concentration gradually rises, but in no case stabilizes at 100% of its original value within the 45min re-perfusion. Fig.  1 ( a ) exemplifies results obtained from recovering hearts, in this case after 6min total global ischaemia. It shows ATP reaching 100% of its original value in 2min reflow and then declining, presumably because of increased conversion into phosphocreatine. This transient increase in ATP was not visible when other lengths of ischaemia were used. This may be because it is of too short a duration to be reliably measured with an accumulation time of 2min for each spectrum. The rapid rephosphorylation of creatine on reflow shows that the mitochondria are still intact and capable of rapidly resynthesizing ATP.
The characteristics of hearts that fail to recover are displayed by those failing after 14min ischaemia (Fig. Ib) . Unlike the findings with the recovering hearts, the concentrations of phosphocreatine and P, never overshoot the 100% mark on reflow. The decrease in P, is still large (over loo%), but considerably less is converted into phosphocreatine (50%). As there is little appreciable increase in ATP at this time, it may be that the P, is sequestered with calcium in the mitochondria in dense bodies characteristic of irreversible ischaemic damage (Jennings & Ganote, 1976) .
These data suggest that the ability of a heart to recover is linked with the ability of its mitochondria to increase the concentrations of high-energy phosphates. They also show that it is the concentration of phosphocreatine and not that of ATP which is the best biochemical measure of functional recovery in these perfused hearts. The overshoot in phosphocreatine can arise in several ways. (i) The concentration of ADP falls rapidly as respiratory phosphorylation increases on reflow, thereby altering the equilibrium position of creatine kinase (EC 2.7.3.2) to favour phosphocreatine production. (ii) Creatine kinase becomes associated with the mitochondria in ischaemia, giving mitochondrial ATP preferential access to the enzyme. (iii) Cytoplasmic phosphocreatine is acting effectively to transport ATP from its site of synthesis, mitochondria, to the major site of utilization, the myofibrils (Saks et al., 1974) . (iv) An amount of ATP becomes 'invisible' to n.m.r., possibly by altered cationic binding or differential compartmentation.
Studies of the effects of hypoxia on cardiac metabolism have generally been directed towards defining mechanisms responsible for regulation of glycolysis and glycogenolytic fluxes (Williamson, 1966) or examining the relationship between contractile failure and the rate of ATP depletion or development of acidosis (Lai & Scheuer, 1975; Hearse, 1979; Cobbe & Poole-Wilson, 1980) . We consider that neither problem has been adequately resolved. The roles that ADP and AMP can play in metabolic regulation are still uncertain, and, largely as a consequence of methodological difficulties, data describing acidosis in the failing myocardium are meagre. Traditional studies correlating biochemical and functional changes have also suffered from the disadvantage that (except for microelectrode studies of extracellular pH) they are necessarily indirect, as they have involved destruction of the tissue for analysis. However, with the introduction of IIP n.m.r. as a method for the dynamic non-invasive assay of high-energy phosphate compounds and intracellular pH (Radda & Seeley, 1979) , these difficulties have been largely resolved. In an investigation of mechanisms of contractile failure during hypoxia we have used this method to correlate metabolic changes directly and continuously with simultaneously measured mechanical parameters in the isolated perfused rat heart.
Hearts from fed 280-320g male Wistar rats were perfused in the Langendorff mode at 37OC with Krebs-Henseleit buffer containing 1 1 mM-glucose and 1.2 1 mM-0, in an apparatus interfaced with the spectrometer as previously described (Garlick el al., 1979) . Left-ventricular pressure and heart rate were measured by using a left-ventricular catheter. Hypoxia was induced by changing to buffer containing 0.087 mM-O,, and after 20min hypoxia the hearts were re-perfused with welloxygenated buffer for 15min. Total global ischaemia was then induced. Results are means t S.E.M. for three t o six hearts.
As shown in Fig. 1 , a rapid decline in left-ventricular pressure and heart rate accompanied hypoxia. Phosphocreatine concentration fell significantly (0.01 > P > 0.005) within the first minute and continued to decline. ATP decreased significantly only after the fourth minute. The pH declined significantly (0.025 > P > 0.01) in the first minute, but did not decrease below about pH 6.9.
It is generally thought that hypoxia increases glycogenolysis Duration of hypoxia (min) Fig. 1 . Changes in perfused heart during hypoxia The 0, concentration of the buffer was 0 . 0 8 7 m~. Each value is the mean f S.E.M. for three hearts: 0, ATP; 0, phosphocreatine; 4, pH; B, mechanical function. Mechanical function is defined as left-ventricular pressure (systolic minus diastolic) times heart rate. 
